California's fruit and nut tree crops represent one-third of the state's cash farm receipts and 70% of U.S. fruit and nut production. Advances in crop biotechnology and genetic engineering could help protect these valuable crops from pests and diseases and improve productivity. However, due to the difficulty of genetically engineering woody tree crops, as well as intellectual property concerns, regulatory hurdles and public perceptions about genetic engineering, biotechnology has not gained a foothold in this area of agriculture. Our survey of published genetic engineering research and issued field trial permits between 2000 and 2011 revealed that citrus and grape are the focus of most current work, and that walnut -not the more widely planted almond -is the focus among nut crops. Matching publicly funded genetic engineering research projects to a survey of the industry's top needs, we found that far less than half of the funded research has focused on the top-identified pest and disease threats. The most promising genetic engineering technology for fruit and nut tree crops may be transgrafting, which could address consumer concerns and benefit growers.
B
iotechnology is a unique avenue for incorporating innovations into crop plants. In general, growers have a vested interest in adopting technologies that can raise crop yields by reducing disease pressure or improving growth conditions, yet growers remain skeptical of genetic engineering innovations due to the uncertainty of consumer and market acceptance (Mulvaney et al. 2011 ). On a global scale, however, transgenic crops are making an impact: in 2010, transgenic crops contributed an estimated $10.7 billion in direct global farm income, while providing a reduction of 86.2 million pounds (10.2%) of pesticide usage and proffering an associated 21.8% reduction in the environmental impact quotient, a "field value per hectare" metric that takes into account toxicity and environmental exposure data related to individual pesticides (James 2010) .
Currently marketed genetically engineered crops mainly consist of large-acreage row crops such as cotton, soybean, corn and canola. To date, genetically engineered fruit and nut trees include only virus-resistant papaya (Carica papaya), which significantly benefited the Hawaiian industry (Gonsalves 2004) , and a more recently approved, but not yet commercialized, plum pox virus-resistant plum (Prunus domestica). The challenge remains to extend the benefits that biotechnology can deliver to a broader range of agriculturally important crops.
According to the U.S. Department of Agriculture's (USDA) Economic Research Service, California was the number one exporter of agricultural commodities in the United States in 2010; the state's total cash farm receipts, including exports, were $37.6 billion, of which one-third were fruits and nuts (USDA ERS 2011). In 2010, California contributed over $13.2 billion to the total $20.9 billion U.S. fruit and nut market (USDA NASS 2011) .
In agriculture, biotechnology involves the insertion of one or more specific genes into a plant to impart a new characteristic or trait. These new traits can endow the modified plant with better resistance to insects, herbicides, disease or environmental stressors such as drought. An example of one of the most widespread applications of agricultural biotechnology is the use of glyphosate-tolerant (Roundup Ready) soybeans.
Often cited as the "birthplace of biotechnology," California has remained relatively open to biotechnology and genetic engineering innovations in agriculture. Since 2000, the USDA Animal and Plant Health Inspection Service has issued more than 1,100 environmental release or interstate movement permits for genetically engineered crops in California, more than twice the number issued in any other U.S. state (USDA APHIS 2011) .
In a state where agriculture plays such an important role in the economy and where the biotechnology industry has such a strong presence, we sought to determine the status of biotechnology applications in a subset of California specialty crops: the top 10 woody fruit and nut crops, by production value. To gain a general overview of this status, we first examined the number of peerreviewed publications that described genetic engineering technologies among these crops. Next, to assess the research priorities supported by industry, we surveyed individual fruit and nut crop advisory boards, obtained input from UC Cooperative Extension advisors and the UC Fruit and Nut Research and Information Center, as well as the UC Statewide Integrated Pest Management (IPM) Program website. This information allowed us to assess the most pressing pest-and disease-related issues for these crops. We then examined which issues were being addressed using biotechnology by assessing the number of related scientific publications and genetic engineering field permits for each fruit and nut crop. Lastly, we looked at the concept of transgrafting fruit and nut trees on to genetically engineered rootstock, how this could benefit growers, and the regulatory hurdles this technology may face.
Top 10 fruit and nut crops
California's fruit and nut tree crops consist of 35 species, ranging from almond to walnut and including a number of berries (USDA NASS 2011). We analyzed and ranked these crops in terms of value. Excluding strawberry (Fragaria x ananassa), the top 10 woody fruit and nut crops had a cumulative production value of $10.86 billion in California, representing 77% of total U.S. production ( fig. 1) .
In 2010, California produced 14.8 million tons (13.4 million metric tons) of fruits and nuts, 60% of the U.S. utilized production (the amount of a farm's crop that is sold), with citrus (Citrus spp.) and grape (Vitis vinifera) comprising the majority of this amount ( fig. 2, table 1 ). California was a major producer of almond (Prunus dulcis), walnut (Juglans regia), pistachio (Pistacia vera), avocado (Persea americana), plum (Prunus domestica), peach (Prunus persica) and grape, accounting for 76% to 100% of all U.S. production for each ( fig. 2, table 1 ). California citrus accounted for one-third of U.S. production volume and 44% of total U.S. production value at $1.3 billion in 2010 ( fig. 1) . Additionally, 9% of the total top 10 U.S. fruit and nut products was exported in 2010, 60% of which were produced in California. Almond, walnut and pistachio contributed most to total U.S. export value, tallying $3.24 billion of $3.78 billion in exports in 2010 (USDA ERS 2011).
Improved crop management and agronomic practices have helped attain high levels of productivity for major crops such as wheat, rice and maize (Oerke and Dehne 2004) . Crop protection has also played an integral role in maintaining productivity in the face of challenges by viruses, bacteria and fungi. The use of biotechnology in protecting crops from disease and pests promises even greater potential for productivity. Implementing 
Survey of public research
Using keyword searching in ISI Web of Knowledge and OvidSP CAB Abstracts databases, over 4,400 international, English-language, scientific publication entries were obtained, and 139 of these were compiled and reviewed in detail.
The scientific publications that we examined described genetic engineering strategies related to improving general agronomic properties such as drought, salinity or temperature tolerance; the modification of flowering time or plant architecture; herbicide resistance; product quality traits; and bacterial, fungal, insect and viral resistance. We examined only strategies demonstrating potentially useful applications for the fruit and nut industry; we did not consider publications that solely addressed genetic engineering methods or involved genes unrelated to agricultural productivity.
The number of permits giving permission to field-test noncommercial, genetically engineered plants was obtained from various USDA agencies from 2000 to 2011. We recognize that given the long time frames for developing and deregulating transgenic fruit and nut trees (transgenic plum has taken nearly 20 years, for example), field permits for research are frequently renewed and often overlap. The way in which field permit data is submitted makes it extremely difficult to follow the process of a single transgenic crop that is being developed, so we cannot be certain of the extent of this overlap. However, the continual renewal of permits indicates, at the very least, that research on specific crops continues to move through the regulatory chain.
Our survey showed that research publications and field permits related to genetic engineering were concentrated in the highest-value crops, except for almond, which ranked third in U.S. production value ( fig. 1 ) yet had only one publication and no field permits ( fig. 3 ). Given the large production value of grape and citrus, we were not surprised that there were more scientific publications and field permits for these crops than for those with lower production value. The lower-value crops pistachio, avocado, cherry and peach had too few genetic engineering-related publications or field trials for us to accurately evaluate them.
Almond is lagging far behind other crops in relation to biotechnology-based research; however, taking into account the large export market for almonds (table 1) and the unfavorable international perception of genetically engineered products, it is understandable that this industry may be hesitant to explore the potential of transgenic technologies at present. Major trading partners such as Japan and the European Union will not import genetically engineered crop products. Interestingly, 43% of U.S. walnuts were exported last year and walnuts ranked third in overall export value, yet this sector is taking the lead within the nut tree industry, with several genetic engineering publications and field permits.
Both citrus and grape had a similar total number of field permits plus publications -the top two in this study. However, grape genetic engineering research had nearly twice as many field permits as publications, while citrus had only one-third as many field permits as publications. This suggests that grape research has been more effectively translated from the laboratory to the field. This may be due, at least in part, to support for the grape industry to find innovative solutions to potentially devastating diseases. In recent meetings of the Pierce's Disease Board, the magnitude and significance of Pierce's disease to the California grape and wine industry were central to discussions, and research results that directly addressed combating Pierce's disease were underscored as vitally important (CDFA 2007) . Industry encouragement and incentives may be paramount to ensuring that research enters the translational pipeline to field evaluation and ultimately to commercial implementation.
Industry needs and public research
Economic losses due to pests and diseases in fruit and nut tree crops are not reported consistently on an annual basis. However, based on the results from other major crops, losses may approach 32%, with potential losses as high as 67% if integrated pest management practices are Scott Bauer/USDA not used (Oerke and Dehne 2004) . Under a worst-case scenario, this represents a potential $3.5 billion to $7.3 billion loss for California's fruit and nut sector. With such a large fraction of California's agricultural economy dependent on consistent yields of these crops, pest-and diseaserelated losses directly affect the financial viability of the state's agricultural sector.
Since public-private partnerships are intrinsic to California agriculture, we investigated if industry pest and disease priorities were aligned with genetic engineering research being performed at public institutions. Through personal communications with fruit and nut advisory boards and UC Cooperative Extension advisors, we identified the most pressing pest-and disease-related issues that threaten California fruit and nut crops (table 2) . Additionally, we reexamined the 139 scientific publications previously mentioned and assigned them to research categories.
Our results indicated that most genetic engineering research in fruit and nut trees was focused on pest-and diseaserelated issues ( fig. 4) , with the other major focus on agronomic properties, such as early-flowering phenotype or salinity tolerance. Surprisingly, only 5% of genetic engineering research was devoted specifically to insect resistance. In contrast, researchers working on major row crops such as cotton and maize tend to use insect-resistance traits -such as technologies based on Bt (Bacillus thurengiensis) -as a significant portion of their genetic engineering portfolio.
The two crops with the greatest amount of research, citrus and grape, had 62 pest-or disease-related publications describing genetic engineering strategies (figs. 5A and 5B, table 2). Publications were classified as disease and pest related if the genetically engineered trait targeted a fungus, bacteria, insect or virus. The publications data column in table 2 shows the number of peer-reviewed publications that describe genetic engineering strategies for a crop's top-identified diseases and pests; the second column shows the number of publications describing genetic engineering strategies for all diseases and pests, not just the top-identified problems. For example, citrus had 42 publications that used genetic engineering to target a pest or disease, but only 13 of those were directed toward citrus canker, one of its top-identified diseases.
The grape and citrus industries have identified the most critical pests and diseases to bring under control. Citrus greening, or huanglongbing (HLB), is high on the list. It is one of the most serious disease threats in citrus to emerge in recent years, with no known effective control other than to remove infected trees. Although it is not known to have entered California, HLB is present in several southeastern states, and strict quarantine controls are currently the only way to keep it at bay (USDA APHIS 2010). With such a devastating disease looming, the need to find and implement solutions, whether conventional or biotechnology-based, cannot be overstated.
Comparing pest and disease concerns identified by industry members to published research topics, we found that far less than half of the published genetic engineering research has focused on the top-identified threats (table 2) . Recognizing the time frames involved in fruit tree research, it is possible that ongoing research simply has not been published yet. If industry needs and public research efforts are aligned, we would expect that after a lag period, genetic engineering research related to many of these pests and diseases will be published in the near future. the private and public sectors appear to be important in aligning scientific and industry research priorities.
Transgrafting fruit trees
Given the severity of diseases such as HLB that have no known conventional controls, it is imperative to consider alternative methods to assist in crop protection. The concept of transgrafting -a blend of a common agronomic technique and modern biotechnology -was introduced nearly a decade ago. Transgrafting is the grafting of a transgenic rootstock with a conventional wild-type scion; it introduces genetic engineering innovations into commercial settings while maintaining a non-genetically engineered fruit or nut (Escobar et al. 2001; LevYadun and Sederoff 2001) . Transgrafting allows industry to benefit from transgenic traits while potentially mitigating consumer concerns about genetically engineered crops. Regulatory and consumer concerns over the flow of genetically engineered pollen may also be decreased in properly maintained transgrafted orchards, since it is the wild-type scion, not the genetically engineered rootstock, that flowers and produces pollen (COGEM 2006; Lev-Yadun and Sederoff 2001) .
From an industry or commercialization perspective, achieving regulatory approval of a single rootstock is preferable to seeking approval for multiple scion cultivars, given the estimated regulatory cost of $7 million to $15 million for each approval process (Kalaitzandonakes et al. 2006) . A single, approved, genetically engineered rootstock could be used with several different scion cultivars, including scions that are resistant to genetic engineering and in certain cases scions from other species (for example, an almond scion might be grafted onto a plum rootstock).
Transgrafting applications that are moving toward commercialization include a crown gall-resistant walnut rootstock (see photo, page 67) (Escobar et al. 2002 ) and a grape rootstock that produces pear polygalacturonase-inhibiting protein (Aguero et al. 2005 ), which confers a moderate level of resistance to Pierce's disease. These applications address root or xylem pests and diseases, but future applications will likely target traits aimed at consumer needs such as increased nutritional value or improved flavor characteristics.
Public-private partnerships will be critical to moving promising technologies such as transgrafting into the market, especially because in comparison to row crops, fruits and nuts are minor-acreage specialty crops, making them less attractive to private investment. Nearly all fruit and nut trees grown on a commercial scale are currently grafted, so using genetically engineered rootstocks is technically feasible for this industry.
Intellectual property strategies
The regulatory status of transgrafted crops is unclear (see sidebar, page 68), necessitating innovative research and development strategies. Transitioning biotechnology from publicly funded research and development to commercial applications will require an intellectual property strategy to access and protect agricultural innovations (Mou and Scorza 2010). Perhaps to the advantage of fruit and nut tree crops, public institutions have been more involved in transgenic research of specialty crops than of commodity crops such as maize or soy, which could facilitate the process, since intellectual property and innovations have traditionally been shared more readily between public institutions (Graff et al. 2004 ).
In the past decade, several public-sector initiatives have been launched to support the development of new biotechnology crops. For example, PIPRA, a nonprofit organization, was established at UC Davis by the Rockefeller and McKnight foundations to facilitate access to patented and proprietary technologies for the development and commercialization of agricultural crops, primarily in developing countries, but also for public entities (Atkinson et al. 2003) . The USDA APHIS Biotechnology Quality Management System was established in 2007 to help technology developers with the tools needed for regulatory compliance and to facilitate regulatory clearances.
Public perception
Strategies based on biotechnology or genetic engineering have the potential to address many of the pest and disease problems in fruit and nut tree crops, but consumer and export-market resistance have hampered their progression and implementation (Mou and Scorza 2010). If perceived risks to personal health and the environment could be reduced, or if the benefits of biotechnology and genetic engineering were targeted to consumers (second-generation traits, such as better tasting or more nutritious fruits) instead of farmers (first-generation traits, such as herbicide-or drought-tolerant crops), there is a greater possibility that consumers would accept fresh genetically engineered products (Astrid 2009; Huffman and Rousu 2006; Lusk et al. 2004) . Only 4% of the genetic engineering research on fruit and nut trees that we surveyed was directed toward product quality ( fig. 4) , including producing taste-modifying proteins, modifying juice quality, decreasing seed set and producing anthocyanin, an antioxidant. One of the first genetically engineered fruit products aimed at consumers instead of producers is a nonbrowning apple developed in Canada that will not discolor after it is sliced. Okanagan Specialty Fruits is currently petitioning for its regulatory approval in the United States (see photo, page 62).
In general, genetically engineered crops are discussed in terms of their firstand second-generation traits, and it may be beneficial to the future regulatory process to divide transgrafting applications in a similar fashion. For example, a transgraft with first-generation traits would have a scion free of any transgenic DNA and also of any transgenic components (protein, mRNAs and siRNAs) above a predetermined threshold. A transgraft with second-generation traits would have a scion free of transgenic DNA, but the scion would have received translocated transgenic products such as insecticidal proteins or siRNAs to combat certain bacterial or viral diseases. Or its secondgeneration genetic engineering traits could modulate scion or fruit development or influence its organoleptic properties, such as flavor, scent, texture or color.
We expect that because of their ability to transport transgenic products to wild-type scions, second-generation transgrafts would likely receive regulatory scrutiny similar to that of current genetic engineering applications. However, if second-generation traits are incorporated into transgrafted crops, consumers may re-evaluate the perceived risk/ benefit relationship that these products can offer (Astrid 2009; Huffman and Rousu 2006) . Since transgrafted crop scions are free of transgenic DNA, and consumers are less resistant toward second-generation traits from genetically engineered crops (Bernard et al. 2009) , it is likely possible that second-generation transgrafted products would have a better chance of being marketable relative to their "traditional" genetically engineered counterparts.
Looking forward
Fruit and nut tree crops are a multibillion-dollar industry in California, and if current trends persist, the industry will continue to grow. Land-grant universities with agricultural roles, such as UC Berkeley, UC Davis and UC Riverside, have a general mission to give back to society by identifying and addressing the agricultural, environmental and ecological needs of industry, government agencies and the community -not only on a local level, but globally as well. As the industry grows, new threats to agriculture, as well as solutions, will emerge. We anticipate that genetic engineering technologies will be a part of that future, but progress has been slow. Given the estimated cost to deregulate a genetically engineered crop variety, it comes as no surprise that the majority of crops that have moved forward are high-value commodities. Furthermore, since specialty crops such as grape and citrus do not need to be replanted every year like maize and soybean, collecting ongoing revenue from seed sales would be less lucrative.
A recent broad survey of all genetically engineered specialty crops found that adjustments to current regulatory Abbreviations sRNA = small, noncoding RNAs; siRNA = small, interfering RNA or silencing RNA; mRNA = messenger RNA requirements might be necessary if commercialization of these crops is to become a reality (Miller and Bradford 2010; Mou and Scorza 2010) . In the survey, conducted between 2005 and 2008, research publications identified 78 different specialty crops and more than 250 traits; however, none of the crops had received complete regulatory approval or been commercialized (Miller and Bradford 2010) .
While the lengthy regulatory approval process may account for some of these delays and market failures, public approval and consumer and export-market acceptance will remain the ultimate hurdles in the marketplace success of genetically engineered specialty crops (Astrid 2009; Huffman and Rousu 2006; Lusk et al. 2004) . The degree of market acceptance varies, with some markets being more affected than others by international attitudes about genetic engineering.
Transgrafting presents a potential way to address consumer acceptance issues and allow the fruit and nut tree industries to realize some of the possible benefits of genetic engineering technology. To move transgrafting technologies toward implementation efficiently and effectively, scientists and legislators must establish clear lines of communication and create supportive regulatory frameworks. Moreover, industry backing will be paramount given the long time frames and costs related to genetic engineering. Ultimately, however, consumer education and attitudes toward transgrafting will be a pivotal aspect. It is important that all of these factors are addressed if specialty crops, such as fruit and nut trees, are to profit from the benefits biotechnology can provide. T he regulatory implications of using transgrafted plants are currently unknown. A plant's vascular system can selectively transport across graft junctions endogenous elements such as full-length RNAs, sRNAs, proteins, hormones, metabolites and vitamins, and even elicit epigenetic effects, heritably changing the way genes are expressed without changing the actual DNA sequence. However, not all of these elements are transported freely, and they either require specific molecular signals or cellular transporters to aid in their movement through a plant's vascular system. These transfers are understood to a degree (Haroldsen et al. 2012 ), but what is less clear is how the movement of these elements from transgenic rootstocks to scions might affect the regulatory approval process for a transgrafted plant -a product developed using transgenic tools and yet not containing transgenic DNA in the scion product. It cannot be said with certainty if transgenic RNAs, sRNAs or proteins produced in rootstocks may make their way to the nontransgenic scion. Furthermore, some of these elements may have short half-lives, making it difficult to determine by testing whether the final crop was produced using a transgraft.
V.M. Haroldsen is Scientific
There is no precedent within the regulatory framework coordinated by the U.S. Department of Agriculture, U.S. Food and Drug Administration and U.S. Environmental Protection Agency regarding how a transgrafted, genetically engineered rootstock and wild-type scion might be regulated. U.S. regulation identifies genetically engineered crops through a product-based policy; that is, if the final product contains transgenic material, then it is considered genetically engineered. However, even if scions are shown to be free of transgenic DNA, since transgrafted crop products are new to consumption, it is likely that safety assessments will be required prior to their market release. They would potentially, however, be classified as a conventional and not genetically modified food in the United States.
Conversely, in the European Union, if biotechnology tools are used in the process of developing a crop, then they fall under EU legislation for genetically engineered crops. In this case, regardless of whether the final transgrafted crop product contains transgenic material (DNA, RNA or proteins) or not, it would be classified as genetically modified. For example, German authorities decided in 2010 that any grapes or wine produced from transgenic rootstocks must be labeled as genetically engineered (Heselmans 2011) . This international policy difference will put EU regulators in a difficult situation in the future, when importing crops harvested from transgrafted plants produced in the United States. How will they identify a nontransgenic crop product that has been developed using transgenic tools? How can they be certain that crops imported from countries such as the United States are not genetically engineered (by EU
Regulatory status of transgrafted plants is unclear
In Hawaii, papaya has been genetically engineered to resist ringspot virus: infected plants on (left), virus-resistant (right).
Hawaii Papaya Industry Association definitions) when testing may not differentiate between conventionally grown crops and those from transgrafted plants? While the European Union may elect to implement process monitoring of new technologies to ensure proper labeling, documenting every step of the production process and tracking the final products of transgrafted crops, it would be difficult to guarantee the genetically engineered status of imports from outside the European Union.
To address this difficulty, and assuming tests can be developed that easily and robustly detect the presence or absence of transgene elements in the final crop, a threshold limitation could be established. The EU threshold for allowable levels of "adventitious mixing" of genetically engineered seed into conventional seed is 0.9%. The expectation for transgrafted crops, in particular first-generation transgrafts (see page 67), is that any transgenic DNA, mRNA, siRNA or protein would fall below the 0.9% level. While current EU legislation would likely need to be revised, it is possible that EU regulators would allow transgrafted fruit or nut products to enter the European Union, so long as transgenic material was below the 0.9% threshold. While strictly conjecture, at the least, this sort of threshold limitation should be included in discussions of alternatives to current regulatory requirements.
In the United States, transgrafting applications will likely be dealt with on a case-by-case basis as they are introduced into the regulatory process (C. Wood, USDA Biotechnology Regulatory Services, personal communication, September 2010). This would be in line with suggestions by the Dutch scientific advisory committee on genetically modified organisms (COGEM 2006) . In anticipation of regulatory scrutiny, it will be important for scientists to gather experimental information determining to what degree transgenic elements move across the graft junction in different plant species and different types of coding and noncoding genetic constructs.
Unlike plant model systems, such as Arabidopsis sp., analyses of genetic material from fruit and nut crops tend to be compounded by high levels of phenolic compounds, polysaccharides and other secondary metabolites. Nevertheless, laboratory experiments have been carried out in walnut, grape and tomato regarding the mobility of transgenic elements, and the results are in the process of being published. This information should assist regulatory bodies in determining what portion of the scion, if any, should be regulated.
To illustrate these issues, imagine that a transgrafted orange is developed with transgenic siRNA in the rootstock that wards off nematodes. Tests on the scion leaf material do not reveal the presence of siRNA, but when the fruit is tested transgenic siRNA is detected. However, tests also show that after the oranges are harvested, the transgenic siRNA decreases over a short time to nondetectable levels. In the United States, after regulatory approval the oranges would not be required to be labeled as genetically engineered. If these sames oranges were exported to the European Union, siRNA would be undetectable in tests regardless of the transgraft, but under EU legislation they would be classified and labeled as genetically engineered. So unless the U.S. seller directly informs the importer that the oranges were grown with a transgraft, they would have no way of knowing since the siRNA is undetectable after picking. This example highlights the difficulties arising from policy differences, which could hamper the future commercialization of transgrafting technologies currently in the developmental pipeline.
